1. Introduction {#s0005}
===============

Short interfering RNAs (siRNAs) are typically 20--25 nucleotides (nt) in length and are produced by the ribonuclease III enzyme Dicer. Dicer converts long double-stranded RNAs (dsRNAs) into siRNA duplexes that have 3′ overhangs of 2 nt. Canonical Dicers, such as human Dicer, bind to the end of long dsRNA substrates through their PAZ domains to process the dsRNA substrates into siRNAs, and the distance between the PAZ domain and the ribonuclease active site determines the length of the siRNA product [@b0005; @b0010]. In contrast, budding yeasts possess a non-canonical Dicer that forms dimers that allow the consecutive production of both the 5′ and 3′ ends of a siRNA; thus, the size of the siRNA is determined by the distance between the two ribonuclease active sites [@b0015]. siRNA length can also be modified by endoribonucleases and nucleotidyltransferases [@b0020].

The siRNA duplexes are loaded to the Argonaute proteins, one strand of the duplex (passenger strand) is discarded, and the remaining RNA strand (the guide strand) directs the Argonaute protein to target RNAs [@b0025]. In many eukaryotes, the strand with a thermodynamically less stable 5′ end is preferentially selected as the guide strand [@b0030; @b0035; @b0040; @b0045]. In plants, the terminal nucleotide of small RNAs has a strong impact on sorting (i.e., to which Argonaute protein the small RNA is loaded). For example, AGO1 selectively binds small RNAs that begin with a 5′ uracil, while AGO5-bound RNAs display a strong bias for a 5′ cytosine [@b0050]. In contrast, in flies, the degree of base pairing in the small RNA duplex dominates sorting. Small RNA duplexes with perfect complementarity, typically siRNAs, are likely to bind to Ago2, whereas small RNAs with central mismatches, typically microRNAs, usually bind to Ago1 [@b0055; @b0060].

The ciliated protozoan *Tetrahymena thermophila* expresses two types of siRNAs. One is the constitutively expressed ∼23- to 24-nt siRNAs [@b0065], which are produced by the Dicer protein Dcr2p [@b0070] and are mainly loaded to the Argonaute proteins Twi2p and Twi8p [@b0075]. The other type of siRNAs, known as scnRNAs, is the ∼29-nt siRNAs that are detected exclusively during conjugation, the sexual reproduction process in *Tetrahymena* [@b0080; @b0085]. scnRNAs are produced in the germline micronucleus by the Dicer protein Dcl1p [@b0090] [@b0095] and are exported to the cytoplasm where they are loaded to the Argonaute protein Twi1p [@b0080]. The passenger strand of the scnRNA duplex is cleaved by the endoribonuclease activity of Twi1p and is discarded [@b0100]. The remaining guide strand is 2′-*O*-methylated at the 3′ end by the RNA methyltransferase Hen1p [@b0105]. Twi1p-scnRNA complexes are eventually transferred to the somatic macronucleus [@b0080] [@b0100] where they play a key role in programmed DNA elimination [@b0110].

scnRNAs are ∼29 nt in length [@b0080], and the majority (∼85%) of scnRNAs that are isolated from the late conjugation stages have a 5′ uracil (5′ U) [@b0065; @b0075]. However, the processes that contribute to the length distribution and the 5′ U bias of scnRNAs have not been addressed. In this study, we use deep sequencing to compare Twi1p-loaded scnRNAs to unloaded scnRNAs to understand how the production of the scnRNAs by Dicer and the loading of siRNAs to Argonaute shape the population of scnRNAs *in vivo*.

2. Materials and methods {#s0010}
========================

2.1. cDNA library preparation, sequencing and RNA analysis {#s0015}
----------------------------------------------------------

Wild-type *Tetrahymena thermophila* strains B2086 and CU428 and the complete *TWI1* KO strains [@b0085] were used for total RNA preparation. Twi1p was immunoprecipitated [@b0100] from either wild-type cells using an anti-Twi1p antibody or from the strains expressing HA-Twi1p and HA-Twi1p-hAGO2Lmut ([Supplementary Information](#s0070){ref-type="sec"}) using an anti-HA antibody. The cDNA libraries were constructed as described [@b0115]. For multiplex sequencing, oligonucleotides listed in [Supplementary Information](#s0070){ref-type="sec"} were used. Single-read 36- or 50-base sequences were generated using the Illumina GAII or HiSeq2000, respectively. The raw sequencing datasets have been deposited at the NCBI Gene Expression Omnibus ([www.ncbi.nih.gov/geo/](http://www.ncbi.nih.gov/geo/){#ir0005}) as GSE47650. Sequence reads were filtered as described [@b0115]. To study the base composition and thermodynamic stability, the reads were collapsed to non-redundant datasets. To model scnRNA duplexes, 29-nt RNA sequences were mapped to the micronuclear LMR region [@b0115] and the passenger strand sequences were estimated. The thermodynamic stabilities of 4 base pairs at the ends of the modeled scnRNA duplexes were calculated using the free energy parameters at 37 °C in 1 M NaCl [@b0120] without including the initiation value. To study potential trimming and tailing reactions, RNA sequences were mapped to the LMR region by allowing two mismatches. Terminator exonuclease treatment is described in [Supplementary Information](#s0070){ref-type="sec"}.

3. Results and discussion {#s0020}
=========================

3.1. Twi1p-loaded scnRNAs contain a Dicer signature {#s0025}
---------------------------------------------------

The *Tetrahymena* Argonaute family protein Twi1p interacts with the ∼29-nt siRNAs, known as scnRNAs [@b0080; @b0085]. To analyze Twi1p-loaded scnRNAs, cell lysate was prepared from wild-type cells at 3 h post-mixing and the Twi1p-containing complex was immunoprecipitated using an anti-Twi1p antibody [@b0100]. Co-precipitated small RNAs (∼24--34 nt) were excised after gel fractionation, and analyzed with high-throughput sequencing ([Table S1](#s0070){ref-type="sec"}).

scnRNAs are reportedly ∼26--32 nt in length and the majority are 28--30 nt long [@b0065; @b0080]. Consistent with these data, 73.4% of the sequenced Twi1p-associated RNAs were 28--30 nt in length, and 29-nt RNAs were the most abundant (30.6%) species ([Fig. 1](#f0005){ref-type="fig"}A). The base compositions of the unique set of Twi1p-associated 29-nt scnRNAs are shown in [Fig. 1](#f0005){ref-type="fig"}B. The overall adenine (A)/uracil (U) richness of the scnRNAs most likely reflects the adenine (A)/thymine (T)-rich *Tetrahymena* genome (78.0% A/T). In addition, there were three notable base biases at specific positions of the 29-nt scnRNAs: a strong bias (89.1%) for U as the first nucleotide (5′ U bias), a bias (52.9%) for A as the third nucleotide from the 3′ end (-3A bias), and a bias (48.7%) for U as the last nucleotide (3′ U bias) ([Fig. 1](#f0005){ref-type="fig"}B). The 5′ U bias was also detected in previous studies of scnRNAs cloned from total *Tetrahymena* cells [@b0065] as well as from another ciliate, *Paramecium tetraurelia* [@b0125]. We believe that these base biases were not experimental artifacts because these features were not detected in the 29-nt RNAs in the same cDNA library that matched the sense strand of the rRNAs or tRNAs and thus were most likely the degradation products of these RNAs ([Fig. 1](#f0005){ref-type="fig"}C).

The presence of both a 5′ U and a -3A bias in the 29-nt scnRNAs strongly indicates that these scnRNAs were formed as dsRNAs that had 3′-overhangs of 2 nt ([Fig. 1](#f0005){ref-type="fig"}D). A slightly higher incidence of G as the second and third bases and of C as the 25th and 26th bases ([Fig. 1](#f0005){ref-type="fig"}B) also supports this view. The 5′ U bias was significantly more prominent than the -3A bias, likely because 5′ U scnRNAs were preferentially loaded to Twi1p, which will be discussed below in more detail. Similar signatures of dsRNAs possessing 2-nt 3′-overhangs were also observed in Twi1p-associated RNAs of other lengths (5′ U bias: [Fig. 1](#f0005){ref-type="fig"}E; -3A bias: [Fig. 1](#f0005){ref-type="fig"}F). Small dsRNAs with 2-nt 3′-overhangs are characteristic Dicer products and the results above are consistent with the Dcl1p-dependent production of scnRNAs from long dsRNA precursors [@b0090; @b0095].

All Twi1p-bound scnRNAs at a late conjugation stage have been reported to possess a 5′-monophosphate [@b0075], and we confirmed this result by treating total RNAs from cells at early and late conjugation stages (4 h and 8 h post-mixing, respectively) with a 5′-monophosphate-dependent exonuclease ([Fig. S1](#s0070){ref-type="sec"}). These results likely indicate that none of the scnRNAs are direct RNA-dependent RNA polymerase (RdRP) products, which typically have 5′-triphospates [@b0130], although it is possible that a *Tetrahymena* RdRP amplifies the dsRNA substrates before Dicer processing.

3.2. Thermodynamic asymmetry of the scnRNA duplex is unrelated to the guide strand decision {#s0030}
-------------------------------------------------------------------------------------------

The thermodynamic differences in the base-pairing stability of the respective 5′ ends of the two small RNA strands determine which strand of the small RNA duplex is assembled into fly Ago2 [@b0040], plant AGO1 [@b0045] or mammalian Argonaute proteins [@b0030; @b0035]. In these cases, the strand with the less stable 5′ end is preferentially selected as the guide strand. We asked if the thermodynamic asymmetry of the scnRNA duplex plays a role in the choice of the guide strand of scnRNAs in *Tetrahymena*.

To calculate the thermodynamic stability of both ends of a scnRNA duplex, we first modeled the guide-passenger strand pairs of the scnRNAs. The Twi1p-associated (guide strand) 29-nt scnRNAs were mapped to a representative 100-kb micronuclear genome locus (LMR locus). A total of 4179 unique 29-nt scnRNAs were mapped to the LMR locus without mismatches. We then deduced the passenger strand sequence by examining the genomic sequences surrounding the mapped sites. Using the modeled guide and passenger pairs, we calculated the thermodynamic stability of the 4 base pairs at the termini containing the 5′ ends of the guide strand scnRNAs (ΔGg) and those of the passenger strand scnRNAs (ΔGp) (see [Fig. 1](#f0005){ref-type="fig"}D) [@b0120]. If the thermodynamic asymmetry of the scnRNA duplex determines the guide strand selection, as observed for the small RNAs in the other eukaryotes mentioned above, the ΔGg must be larger (i.e., more unstable) than the ΔGp. However, the ΔΔG (=ΔGg--ΔGp) values of the individual scnRNA duplexes were distributed nearly equally to both the positive and negative sides ([Fig. 1](#f0005){ref-type="fig"}G). Therefore, we conclude that the base-pairing stability of the ends of the scnRNA duplexes does not significantly influence scnRNA loading to Twi1p.

3.3. The length distribution of scnRNAs is determined before loading {#s0035}
--------------------------------------------------------------------

The length distributions and the base compositions of the scnRNAs described above can reflect the preferences of the scnRNA processing, export from the micronucleus or the loading of the scnRNAs to Twi1p. To understand which features are attributed to which of these preferences, we analyzed the small RNAs of *TWI1* KO cells. We believe the scnRNAs in the *TWI1* KO cells remain unloaded because Twi1p is the only Argonaute protein that is known to associate with scnRNAs at 3 h post-mixing [@b0075], which was when we extracted RNAs.

Total RNA was extracted from the *TWI1* KO cells at 3 h post-mixing, and small RNAs (∼24--34 nt) were analyzed. More RNAs that were detected in the *TWI1* KO cells were either shorter than 25 nt or longer than 33 nt ([Fig. 2](#f0010){ref-type="fig"}A) than among the Twi1p-associated RNAs from the wild-type cells ([Fig. 1](#f0005){ref-type="fig"}A). The shorter RNAs likely represent the constitutively expressed 23- to 24-nt siRNAs, which are mainly associated with Twi2p and Twi8p [@b0075]. The longer small RNAs were likely the degradation products of mRNAs and other non-coding RNAs. Nonetheless, the length distribution of the 26- to 32-nt RNAs from the *TWI1* KO cells ([Fig. 2](#f0010){ref-type="fig"}A) was similar to that of the Twi1p-associated RNAs from the wild-type cells ([Fig. 1](#f0005){ref-type="fig"}A). Therefore, we conclude that the length distribution for the scnRNAs in the wild-type cells is mainly determined at a pre-loading process, most during processing by Dcl1p, and that Twi1p is able to flexibly incorporate ∼26- to 32-nt scnRNAs.

3.4. 5′ U scnRNAs are preferentially complexed with Twi1p {#s0040}
---------------------------------------------------------

Although ∼90% of the Twi1p-associated 28- to 30-nt scnRNAs from the wild-type cells had a 5′ U ([Fig. 1](#f0005){ref-type="fig"}B and E), only about two-thirds of the 28- to 30-nt scnRNAs from the *TWI1* KO cells has a 5′ U ([Fig. 2](#f0010){ref-type="fig"}B and C). Therefore, 5′ U scnRNAs are preferentially loaded to Twi1p. It is possible that the 5′ U scnRNAs are preferentially exported from the micronucleus to the cytoplasm, where the scnRNAs are loaded to Twi1p. Alternatively, the 5′ U scnRNAs could preferentially interact with Twi1p. To distinguish these two possibilities, we examined the importance of the nucleotide specificity loop in the 5′ U bias of Twi1p-loaded scnRNAs.

Human AGO2 (hAGO2) has nucleotide-specific interactions to ensure the preference for a 5′ U or A and to exclude G or C through the nucleotide specificity loop [@b0135]. Interestingly, when one glycine residue is inserted into the nucleotide specificity loop of hAGO2, hAGO2 binds with similar affinity to any ribonucleotide [@b0135]. Because the region including this loop is partially conserved in Twi1p ([Fig. 2](#f0010){ref-type="fig"}E), we hypothesized that this region could contribute to selectively load 5′ U scnRNAs to Twi1p. We expressed, in the *TWI1* KO cells, either wild-type, N-terminally HA-tagged Twi1p (HA-Twi1p) or HA-Twi1p-hAGO2Lmut in which the nucleotide specificity loop region of Twi1p was replaced with that of hAGO2 with the glycine insertion ([Fig. 2](#f0010){ref-type="fig"}F). HA-Twi1p and HA-Twi1p-hAGO2Lmut were immumoprecipitated using an anti-HA antibody at 3 h post-mixing and co-precipitated small RNAs were analyzed. While the HA-Twi1p-bound RNAs exhibited a strong 5′ U bias ([Fig. 2](#f0010){ref-type="fig"}G), which was similar to those co-precipitated with the endogenous Twi1p ([Fig. 1](#f0005){ref-type="fig"}B and E), the Twi1p-hAGO2Lmut-associated RNAs had a weaker 5′ U bias ([Fig. 2](#f0010){ref-type="fig"}G). There was no other obvious difference between the HA-Twi1p-associated and HA-Twi1p-hAGO2Lmut-associated RNAs ([Fig. S2](#s0070){ref-type="sec"}). We conclude that the 5′ U bias of the Twi1p-loaded scnRNAs in the wild-type cells is attributed, at least in part, to the preferential interaction of the nucleotide specificity loop of Twi1p to 5′U RNAs. However, because the Twi1p-hAGO2Lmut-bound scnRNAs had a higher 5′ U incidence than the scnRNAs from *TWI1* KO cells ([Fig. 2](#f0010){ref-type="fig"}G), the nucleotide specificity loop might not be the only determinant of the 5′ U-biased loading of scnRNAs to Twi1p.

3.5. The 5′ U bias of scnRNAs is also attributable to a pre-loading process {#s0045}
---------------------------------------------------------------------------

Although the fraction of scnRNAs with a 5′ U was lower in the scnRNAs from the *TWI1* KO cells than in the Twi1p-associated scnRNAs from the wild-type cells, the scnRNAs from the *TWI1* KO cells were still highly biased toward 5′ U ([Fig. 2](#f0010){ref-type="fig"}B and C). This strongly suggests that the 5′ U bias of the Twi1p-associated scnRNAs is partly due to one of the steps that occurs prior to their loading to Twi1p. Dcl1p likely preferentially digests phosphodiester bonds that are followed by U in substrate dsRNAs. Another possibility is that an unknown mechanism in the pre-loading steps stabilizes the 5′ U scnRNAs. If the bias is due to preferential digestion by Dcl1p, this would be the first example where a siRNA terminal base bias can be significantly attributed not only to Argonaute proteins but also to the siRNA production machinery, although minor contributions of Dicer processing to the 5′ U bias of fission yeast siRNAs have been reported [@b0140].

The ∼65% 5′ U bias of the scnRNAs from the *TWI1* KO cells can be explained if one strand of the scnRNA duplex always has a 5′ U while the other strand has a random base at the 5′ end. If this is the case, all scnRNAs not beginning with U should have A as the third base from the 3′ end (-3A). However, only 66.2% of non-5′ U 29-nt scnRNAs from the *TWI1* KO cells had an A at position 27 ([Fig. 2](#f0010){ref-type="fig"}G), indicating that both strands of the scnRNA duplexes have a 5′ U at a frequency of ∼65% before loading. This is in sharp contrast to the *Paramecium* scnRNAs in which only non-5′U RNAs have a high incidence of -3A [@b0125]. Therefore, the Dicers of *Paramecium* and *Tetrahymena* most likely have different processing preferences.

3.6. The unloaded scnRNAs frequently have templated 3′U {#s0050}
-------------------------------------------------------

More than half of the scnRNAs from the *TWI1* KO cells ended with U (Figs. [2](#f0010){ref-type="fig"}B and [3](#f0015){ref-type="fig"}A). We hypothesized that this 3′ U bias could be due to the replacement or addition of the 3′ end nucleotides by an exonuclease and a nucleotidyltransferase, which could preferentially add a U at the end. To test this possibility, we first computationally extracted the 29-nt scnRNA sequences from the *TWI1* KO cells that were complementary to the micronuclear LMR locus when two base mismatches were allowed. We then asked at which positions of the scnRNAs the mismatches were located. Using this method, we could estimate how frequently base replacements or additions post-transcriptionally occurred at each position of the scnRNAs.

Among the 29,147 unique 29-nt scnRNAs from the *TWI1* KO cells that mapped the LMR locus within 2 mismatches, 7.6% had mismatches at the last base ([Fig. 3](#f0015){ref-type="fig"}B). Although this frequency was slightly higher than the fraction of scnRNAs with mismatches at each of the other positions (4--7%; [Fig. 3](#f0015){ref-type="fig"}C), it was not enough to explain the strong 3′ U bias (Figs. [2](#f0010){ref-type="fig"}B and [3](#f0015){ref-type="fig"}A). Moreover, because many of these mismatches could have been caused by sequencing errors and false mapping of scnRNAs that were produced from loci outside of the LMR locus, the frequency of base replacements was likely overestimated. Similar results were obtained by analyzing scnRNAs of other lengths, although slightly higher mismatches at the last base were detected in shorter (24--25 nt) and longer (31--32 nt) small RNAs ([Fig. 3](#f0015){ref-type="fig"}C). Some fraction of the 23- to 24-nt siRNAs is modified by a nucleotidyltransferase activity [@b0075]. Similarly, some longer scnRNAs may be modified by a nucleotidyltransferase. Nonetheless, these results indicate that most of the terminal nucleotides of scnRNAs are templated by the genome.

An important implication from this result is that Dcl1p likely preferentially digests phosphodiester bonds preceded by U. If scnRNAs are sequentially produced from dsRNA substrates, the last base of a scnRNA should be base paired with the second base from the 3′ terminus of the adjacent scnRNA in the substrate dsRNA. However, although more than half of the scnRNAs had a U as their last base, the fraction of A at the second position from the 3′ terminus did not exceed the fraction of A in the total genome (39.0%) in the scnRNAs from the *TWI1* KO cells ([Fig. 3](#f0015){ref-type="fig"}D). Therefore, if Dcl1p preferentially produces scnRNAs ending with U, scnRNAs must be produced non-sequentially from dsRNA substrates (i.e., a digestion that produces the 3′ end of one scnRNA does not produce the 5′ end of another scnRNA), which is an atypical siRNA production mode that has not been reported. Because the Dcl1p of *Tetrahymena* lacks a PAZ domain [@b0065; @b0090; @b0095] by which the canonical Dicers can bind to the end of dsRNA substrates [@b0005; @b0010], Dcl1p may produce scnRNAs by a non-canonical mechanism similar to the budding yeast, although the budding yeast Dicer produces siRNAs sequentially *in vitro* [@b0015]. In this context, it would be interesting to analyze the production of scnRNAs by *Tetrahymena* Dcl1p in an *in vitro* system.

Appendix A. Supplementary data {#s0070}
==============================
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![Analysis of Twi1p-associated small RNAs. (A) Size distribution of the Twi1p-associated RNAs from the wild-type cells. The number of sequenced RNAs (reads per million sequences (RPM)) of each size is shown. (B) Base composition of 29-nt scnRNAs. (C) Base composition of the 29-nt RNAs derived from rRNAs or tRNAs. (D) Deduced structure of the 29-nt scnRNAs before loading. (E) Fraction of the RNAs with uracil as the first base (5′ U). (F) Fraction of the RNAs with adenine as the third base from the 3′ end (-3A). (G) Thermodynamic stability differences between the two ends of the modeled scnRNA duplexes. The thermodynamic stability of the 4 base pairs containing the 5′ end of the guide (ΔGg) and the passenger (ΔGp) strand (see (D)) of the individual modeled scnRNA pairs were calculated, and the differences (ΔΔG = ΔGg − ΔGp) are shown as a histogram.](gr1){#f0005}

![Analyses of unloaded scnRNAs and the nucleotide specificity loop. (A) Size distribution of the small RNAs from the *TWI1* KO cells. The number of sequenced RNAs (reads per million sequences (RPM)) of each size is shown. (B) Base composition of the 29-nt RNAs. (C) Fraction of the RNAs with uracil as the first base (5′ U). (D) Fraction of the RNAs with adenine as the third base from the 3′ end (-3A). (E) Comparison of the nucleotide specificity loops of the different Argonaute proteins. The region corresponding to the proposed nucleotide specificity loop [@b0135] of human AGO2 is marked with a double-headed arrow. Human (Hs) AGO2 and *C. elegans* (Ce) Alg-1, which tend to bind to 5′ U/A RNAs, share a conserved sequence in the loop. Tt: *Tetrahymena thermophila*; Dm: *Drosophila melanogaster*; At: *Arabidopsis thaliana*. (F) Fraction of the 5′ U RNAs in HA-Twi1p-associated (black), HA-Twi1p-hAGO2Lmut-associated (gray), or total *TWI1* KO (white, same data as (C)) small RNAs. The replaced nucleotide specificity loop region is shown in red. The extra glycine inserted into the nucleotide specificity loop of human AGO2 is marked with a square. (G) Base composition of the non-5′ U 29-nt RNAs from the *TWI1* KO cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr2){#f0010}

![Analysis of the 3′ U bias of scnRNAs. (A) Fraction of the RNAs from the *TWI1* KO cells with uracil as the last base (3′ U). (B) Analysis of the potential trimming and tailing reactions on the 29-nt RNAs from the *TWI1* KO cells. The 29-nt RNAs from the *TWI1* KO cells were mapped to the 100-kb LMR genomic locus by allowing for two base mismatches and were analyzed to determine the positions at which the mismatches were located. (C) Fraction of the 24- to 32-nt RNAs from the *TWI1* KO cells with mismatches in the LMR locus. The 24- to 32-nt RNAs from the *TWI1* KO cells were analyzed as in (B), and the average frequency of mismatches at the first base to the second base from the end (purple) and at the last base (gray) are shown. (D) Fraction of the RNAs from the *TWI1* KO cells with adenine as the second base from the end (-2A) is shown in green. Expected fraction of -2A RNAs, if scnRNA processing occurs sequentially (this is equal to the fraction of 3′U RNAs in (A)), is shown in gray. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr3){#f0015}
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